

































































































 1.1 構造材料に要求される特性 
 1.2 チタンおよびチタン合金 
1.3 金属材料の表面改質 
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第5章 FPPによる微視組織変化を利用したガスブローIH窒化の低温化 
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Table 1-1 Classification of wear mode. 
Adhesive wear 
Wear occurred by shear fracture of adhesion part, which is formed by 
increasing local contact pressure at the real contact point. 
Abrasive wear 
Wear occurred due to cutting and ploughing by scratching protrusions at 
hard surfaces, in case that one material is harder than the opposite one. 
Corrosion wear 
Wear that chemical reactions with atmosphere is dominant, for example, 
corrosion environment, chemical wear in lubricant and oxidation in air. 
Fatigue (Rolling) wear Wear occurred by loading cyclic contact stress, for example, gears. 






















































































Melting point, K 1941 749~911 838~905 1673~1700 
Crystal structure 
Under 1158 K:hcp 
Over 1158 K:bcc 
fcc hcp fcc 
Density, 103 kg/m3 4.54 2.80 1.78 8.03 
Young’s modulus, GPa 106.4 71.4 44.6 199 
Poisson ratio 0.34 0.33 0.35 0.30 
Electric resistance, 
10-8•m (293 K) 
47~55 5.75 9.3 72 
Thermal conductivity, 
W/m•K 
17.2 121.3 96.2 13.0 
Thermal expansion 
coefficient (293~373 K) 
9.0×10-6 23.6×10-6 26.0×10-6 16.5×10-6 
Specific heat, kJ/kg•K 
(Room temperature) 



















 チタンは1155 Kに変態点を有し，それより低温側では結晶構造が最密六方構造（Hexagonal 





















Table 1-3 Chemical composition and mechanical properties of pure titanium4). 
 
Chemical composition (%) max. Mechanical properties 







JIS 1 class 0.015 0.15 0.05 0.20 Bal. 274~412 ≥167 ≥27 
JIS 2 class 0.015 0.20 0.05 0.25 Bal. 348~510 ≥215 ≥23 






































(JIS 2 class) 
Non 348~510 ≥215 ≥23 
Ti-6Al-4V alloy Aging 1170 1100 10 





















































































 より直径が小さい粒子を使用したSPは，微粒子ピーニング（Fine particle peening：FPP）と
呼ばれている．FPPで使用される投射粒子径は，厳密には定義されていないが，一般的には




















Fig. 1-1 Cross-sectional distributions of hardness and residual stress for metallic materials treated 
by SP and FPP. 
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Table 2-1 Chemical composition of the Ti-6Al-4V alloy. 
Al V Fe H N O C Ti 





























Table 2-2 Conditions of the gas blow IH nitriding. 
Gas flow rate 130 L/min 
Treatment temperature 1123 K 
Heating time 180 s 
Internal diameter of nozzle 6 mm 









































Fig. 2-3 Schematic illustration of the treatment temperature measurement during gas blow IH 









L/min，1173 Kとし，その他の条件はTable 2-2と同様とした． 
 
 
Table 2-3 Conditions of the IR heating. 
Gas flow rate 10 L/min 
Treatment temperature 1173 K 






















Fig. 2-4 Thermal history of the IR heating. 
 
 試験片表面に形成された化合物の同定は，X線回折装置（X-ray diffraction：XRD）を用い





備した試料に対して，クロール液（46%フッ酸2 ml+60%硝酸4 ml+純水100 ml）によるエッ
















































Fig. 2-5 XRD patterns obtained from the untreated, gas blow IH nitrided and ordinary gas nitrided 
specimens (Gas blow IH nitriding conditions: treatment temperature of 1123 K, gas flow rate of 130 
L/min).  



























































































Fig. 2-6 Cross-sectional distributions of Vickers hardness for the gas blow IH nitrided and ordinary 
gas nitrided specimens (Gas blow IH nitriding conditions: treatment temperature of 1123 K, gas flow 
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Fig. 2-7 SEM micrographs at the longitudinal sections of the specimens (Gas blow IH nitriding 





















(a) Untreated (b) Gas blow IH nitrided (c) Ordinary gas nitrided 






















Fig. 2-8 XRD patterns obtained from the gas blow IH nitrided and IR heated specimens (Gas blow 











Fig. 2-9 Cross-sectional distributions of Vickers hardness for the gas blow IH nitrided and IR heated 

















































Gas blow IH nitrided
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Table 2-4 Conditions of the gas blow IH nitriding. 
Gas flow rate 0 L/min 
Treatment temperature 1173 K 






























Fig. 2-10 Cross-sectional distributions of Vickers hardness for the specimens induction heated for 
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Fig. 2-11 Relationship between heating time in nitrogen and surface hardness of the specimens 
measured by nano-indentation tests (n = 5, mean ± S.D.).  
  


















































Fig. 2-12 Schematic illustration of the measurements of the temperature inside the specimen during 













Table 2-5 Conditions of the gas blow IH nitriding. 
Gas flow rate 0, 10, 130 L/min 
Treatment temperature 1073 K 
Heating time 180 s 
Internal diameter of nozzle 6 mm 





















Fig. 2-13 Relationship between distance from the surface and temperature during gas blow IH 
nitriding measured by sheathed thermocouple. 
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対する窒素の拡散係数D = 0.405 mm2/sと加熱保持時間t = 180 sを代入して，ガス流量130 L/min，
処理温度1073 Kの際のチタンに対する窒素の拡散距離dを算出すると，17.1 mmとなる． 
 次に，実際に処理の間に窒素原子が拡散した距離を検討するため，上述の拡散距離を算出
































Fig. 2-14 Cross-sectional distributions of Vickers hardness for the specimen gas blow IH nitrided at 
1073 K with a gas flow rate of 130 L/min.  
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Table 2-6 Conditions of the gas blow IH nitriding. 
Gas flow rate 130 L/min 
Treatment temperature 1173 K 
Heating time 180 s 
Internal diameter of nozzle 6 mm 


























































Fig. 2-16 Cross-sectional distributions of Vickers hardness for the specimens gas blow IH nitrided at 













Fig. 2-17 SEM micrographs at the longitudinal sections of the specimens gas blow IH nitrided at 
1173 K.  
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Table 2-7 Conditions of the gas blow and induction heating. 
Gas Nitrogen, Argon 
Gas flow rate 130 L/min 
Treatment temperature 1173 K 
Heating time 180 s 
Internal diameter of nozzle 6 mm 




































Fig. 2-19 Macroscopic observations of the specimens after induction heating and gas blowing.  
(a) Untreated (b) Oxidized 
(a) Nitrogen gas blown (b) Argon gas blown 
5 mm 5 mm

































Fig. 2-20 XPS Ti 2p spectra for the specimens oxidized and induction heated with blowing nitrogen 
and argon gas. 
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Table 3-1 Chemical composition of the ELI grade Ti-6Al-4V alloy. 
Al V Fe H N O C Ti 
6.31 4.13 0.12 0.002 0.006 0.11 0.024 Bal. 
 
Table 3-2 Mechanical properties of the ELI grade Ti-6Al-4V alloy. 
Tensile strength 961 MPa 
0.2% proof stress 851 MPa 
Elongation 16.1% 








Fig. 3-1 Optical micrograph of the ELI grade Ti-6Al-4V alloy.  
20 mm





Table 3-3 Conditions of the gas blow IH nitriding. 
Gas flow rate 130 L/min 
Treatment temperature 973, 1073, 1173 K 
Heating time 180 s 
Internal diameter of nozzle 6 mm 












































Table 3-4 Residual stress measurement conditions. 
X-ray tube Cu 
Tube voltage 40 kV 
Tube current 30mA 
Diffraction angle 2θ 142˚ 
Diffraction plane (2 1 3) 
Incident angle 10˚, 20˚, 30˚, 35˚, 40˚ 
Beam diameter 2.0 mm 










Table 3-5 Conditions of reciprocating ball-on-disk wear tests. 
Opposite material Alumina ball (3 mm) 
Load 2.0 N 
Sliding stroke 8 mm 
Sliding speed 10 mm/s 
Number of sliding cycles 14000 
Sliding distance 224 m 
 
 











































窒化の処理温度の関係を示す．なお，同図中の破線はP材の測定結果（3.00 ± 0.14 GPa，n = 




面においてビッカース硬さを測定した結果を示す．図中の破線はP材の測定結果（344.1 ± 10.7 





































Fig. 3-4 XRD patterns obtained from the specimens polished (P series) and gas blow IH nitrided at 

































































Fig. 3-5 Relationship between surface hardness of the specimens and treatment temperature of gas 










Fig. 3-6 Cross-sectional distributions of Vickers hardness for the specimens gas blow IH nitrided at 
different temperatures (N973, N1073 and N1173 series). 
 
 Fig. 3-7に試験片の表面の粗さとガスブローIH窒化の処理温度の関係を示す．図中の破線



















































































Fig. 3-7 Relationship between surface roughness of the specimens and treatment temperature of gas 















































Fig. 3-8 Optical micrographs at the longitudinal sections of the specimens polished (P series) and gas 











Fig. 3-9 Residual stresses generated at the surfaces of the polished (P series) and gas blow IH 
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Fig. 3-12 Optical micrograph at the longitudinal section of the specimen gas blow IH nitrided 











Fig. 3-13 Cross-sectional distribution of Vickers hardness for the specimen gas blow IH nitrided 
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Fig. 3-15 Results of four-point bending fatigue tests for the specimens polished (P series) and gas 
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Fig. 3-16 Typical facets observed at the fracture surface of the failed N1173 series (smax = 356 MPa, 






(a) Fracture surface 1 (b) Fracture surface 2  
(Flipped horizontally) 
100 μm 100 μm


















Fig. 3-17 Analyzed results for the facet observed in the fracture surface of N1173 series (smax = 356 









































Fig. 3-18 Optical micrographs at the longitudinal sections of the argon gas blown and induction 










Fig. 3-19 Cross-sectional distribution of Vickers hardness for the argon gas blown and induction 
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Fig. 3-20 Results of four-point bending fatigue tests for the polished (P series), gas blow IH nitrided 
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Fig. 3-21 SEM micrographs of fracture surfaces of the polished (P series) and gas blow IH nitrided 












Fig. 3-22 Elastic modulus measured by nano-indentation tests at the surfaces of polished (P series) 
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Fig. 3-23 Results of four-point bending fatigue tests for the gas blow IH nitrided (N1173 series), gas 
blow IH nitrided followed by polishing (N1173+P series), and argon gas blown and induction heated 
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Fig. 3-24 Elastic modulus measured by nano-indentation tests at the surfaces of polished (P series) 
and gas blow IH nitrided (N1173 series), and gas blow IH nitrided followed by polishing (N1173+P 
series) specimens (n = 5, mean ± S.D.).  
  





















































































































Table 4-1 Conditions of the gas blow IH nitriding. 
Treatment temperature 1123 K 
Heating time 180 s 
Gas flow rate 120 L/min 130 L/min 
Internal diameter of nozzle 4 mm 6 mm 
Nozzle distance 100 mm 
 






























































































定した．Fig. 4-4にその結果を示す．なお，同図中の破線は未処理材の測定値（345.9 ± 8.8 HV，









































Fig. 4-3 XRD patterns obtained from the specimens untreated, induction heated in nitrogen (IH1123 
































































Fig. 4-4 Cross-sectional distributions of Vickers hardness for the specimens induction heated in 
nitrogen (IH1123 series), and gas blow IH nitrided with low (L1123 series) and high (H1123 series) 




























































Fig. 4-5 Surface hardness of the gas blow IH nitrided specimens measured by nano-indentation tests 


















Fig. 4-7 Load-displacement curve obtained from a surface of a specimen gas blow IH nitrided with 
low nitrogen gas velocity (L1123 series) by a nano-indentation test. 
(a) L1123 series (b) H1123 series 
Displacement, m
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Fig. 4-8 Current values applied during the treatments of the specimens induction heated in nitrogen 

























































































Fig. 4-9 XRD patterns obtained from the specimens untreated and gas blow IH nitrided with low 


































































Fig. 4-10 Cross-sectional distributions of Vickers hardness for the specimens gas blow IH nitrided 












Fig. 4-11 Surface hardness of the gas blow IH nitrided specimens measured by nano-indentation 






























































Fig. 4-12 SEM micrograph at the longitudinal section of the gas blow IH nitrided specimen with 














































































































































































Table 4-2 Conditions of the gas blow IH nitriding. 
Treatment temperature 823 K 
Heating time 180 s 
Gas flow rate 120 L/min 
Internal diameter of nozzle 4 mm 




































































Fig. 4-16 XRD patterns obtained from the specimens gas blow IH nitrided with low (L823 series) 











Fig. 4-17 Cross-sectional distributions of Vickers hardness for the specimens gas blow IH nitrided 
with low (L823 series) and high (H823 series) nitrogen gas velocity. 
 





















































































Fig. 4-18 Surface hardness of the gas blow IH nitrided specimens measured by nano-indentation 








Fig. 4-19 SEM micrograph at the longitudinal section of the gas blow IH nitrided specimen with 





























































































































































































































Table 5-1 FPP conditions. 
Shot particle High-speed steel 
Diameter of shot particle 125~150 m 
Hardness of shot particle 855 HV 
Peening time 10, 30, 60 s 
Particle supply rate 2 g/s 
Peening pressure 0.5 MPa 
Gas flow rate 130 L/min 
Internal diameter of nozzle 6 mm 


























Table 5-2 Conditions of gas blow and induction heating. 
Gas Nitrogen, Argon 
Gas flow rate 130 L/min 
Treatment temperature 923 K 
Heating time 180 s 
Internal diameter of nozzle 6 mm 



















































ピークの半価幅（Full width at half maximum：FWHM）を測定することにより，試験片の表
面近傍の結晶子サイズを算出した．その際，算出にはScherrerの式126)を用いた． 
 
𝐷 =  
0.9









































































Fig. 5-4 SEM micrographs of FPP-treated surfaces for peening times of 10, 30, and 60 s. 
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(b) Maximum height roughness Rz 
Fig. 5-5 Surface roughness values of polished and FPP-treated specimens (n = 5, mean ± S.D.). 
 
 Fig. 5-6にFPPを施した試験片の縦断面においてビッカース硬さを測定した結果を示す．な
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Fig. 5-9 FWHM values of diffraction peaks and crystallite sizes as a function of peening time. 
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Fig. 5-10 Cross-sectional distributions of Vickers hardness for specimens gas blow IH nitrided 
(N923 series), treated with FPP for 30 s (F series), gas blow IH nitrided following pre-treatment with 
FPP (F+N923 series), and induction heated with blowing argon gas following pre-treatment with 
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Fig. 5-11 XRD patterns obtained from specimens gas blow IH nitrided (N923 series) and gas blow 




































































Fig. 5-12 Optical and SEM micrographs at the longitudinal sections of specimens gas blow IH 
nitrided at 923 K (N923 series), gas blow IH nitrided following pre-treatment with FPP (F+N923 
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Fig. 5-14 Distributions of residual stress for specimens polished (P series), gas blow IH nitrided at 
923 K (N923 series), treated with FPP for 30 s (F series), gas blow IH nitrided following pre-
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Fig. 5-15 Wear losses of specimens polished (P series), treated with FPP for 30 s (F series), gas blow 
IH nitrided (N923 series), and gas blow IH nitrided following pre-treatment with FPP (F+N923 





























































































































Fig. 5-17 SEM micrographs of the wear track formed on specimen gas blow IH nitrided following 











Fig. 5-18 Hardness of the wear track surface of F+N923 series and surface of P series measured by 




















































Fig. 5-19 Wear losses of alumina balls used during the wear tests of each specimen. 
  































































































































































Table 6-1 Mechanical milling conditions. 
Weight of high-speed steel particle 20, 100 g 
Weight of aluminum particle 5 g 
Isopropanol 1 mass% 
Milling time of 1 cycle 5 min 
Pausing time of 1 cycle 15 min 
Cycle numbers 72 
Total milling time 6 h 
Rotation speed 540 min-1 






(a) High-speed steel (b) Pure aluminum 
50 μm 10 μm
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Table 6-2 Conditions of the AIH-FPP treatment. 
Atmosphere Nitrogen 
Nozzle distance 100 mm 
Internal diameter of nozzle 6 mm 
Peening temperature 1023 K 
Peening time 30 s 
Heating temperature 1173 K 
Heating time 0, 60, 120 s 
Gas flow rate 130 L/min 
Particle supply rate 1 g/s 











Fig. 6-2 Thermal history of the AIH-FPP treatment. 
 
 メカニカルミリングにより創成された粒子の表面と断面の様相は，SEMを用いて観察し，
エネルギー分散型X線分光装置（Energy dispersive X-ray spectrometer：EDX）を用いて元素分
析した．なお，断面の分析は，粒子を樹脂に埋入し，耐水研磨紙（#240～#1200）およびコ
ロイダルシリカ懸濁液を用いて研磨した後に行った．また，粒子の結晶構造の同定は，XRD
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酸化試験（JIS Z 2281）を行った．この試験は，電気炉を用いて，大気環境下において，0.5 
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(a) SEM micrograph (b) Al element (c) Fe element 
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Fig. 6-8 SEM micrographs and EDX maps of the surface and longitudinal section of the specimen 
after particle peening. 
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Fig. 6-10 SEM micrographs and EDX maps at the longitudinal sections of the specimens after 
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(a) Heating time of 0 s 
(b) Heating time of 60 s 
(c) Heating time of 120 s 
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Fig. 6-14 Schematic illustration explaining the mechanism of the formation of the modified layer by 




































































































Fig. 6-16 SEM micrographs and EDX maps of the wear tracks formed on the specimens untreated 
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Table 7-1 Mechanical milling conditions. 
Total particle amount 20 g 
Ball to particle ratio, mass % 10 : 1 
Isopropanol 1 mass% 
Milling time of 1 cycle 5 min 
Pausing time of 1 cycle 15 min 
Cycle numbers 72 
Total milling time 6 h 
Rotation speed 540 min-1 









Fig. 7-1 SEM micrographs of the particles applied to the mechanical milling. 
 
(a) Titanium particle (b) Aluminum particle (c) Nickel particle 
5 μm 5 μm 10 μm
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Table 7-2 Conditions of the AIH-FPP treatment. 
Atmosphere Argon 
Nozzle distance 100 mm 
Internal diameter of nozzle 6 mm 
Treatment temperature 1273 K 
Peening pressure 0.5 MPa 
Particle supply rate 0.1 g/s 
Peening time 10 s 
































































































Fig. 7-3 SEM micrographs and EDX maps at the surfaces and cross-sections of the mechanical 
milling particles with pure titanium and aluminum particle ratio of 1:3. 
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Fig. 7-4 XRD pattern obtained from the mechanical milling particles with pure titanium and 















































































Fig. 7-5 SEM micrograph and EDX maps at the longitudinal sections of the specimen treated by 
AIH-FPP using the Ti/Al mechanical milling particles with pure titanium and aluminum particle 



















Fig. 7-6 SEM micrographs and EDX maps at the cross-sections of the Ti/Al mechanical milling 
particles with pure titanium and aluminum particle ratio of 1:4 and 1:5. 
(a) SEM micrograph (b) Ti mapping (c) Al mapping 
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Fig. 7-7 SEM micrographs and EDX maps at the longitudinal sections of the specimens treated by 
AIH-FPP using the Ti/Al mechanical milling particles with pure titanium and aluminum particle 
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Fig. 7-8 XRD patterns obtained from the specimens treated by AIH-FPP using Ti/Al mechanical 
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Fig. 7-9 Cross-sectional distributions of Vickers hardness for the specimens treated by AIH-FPP 
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Fig. 7-10 SEM micrographs and EDX maps at the surface and cross-section of the mechanical 
milling particles with pure titanium, aluminum and nickel particle ratio of 1:3:1. 
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Fig. 7-11 XRD pattern obtained from the mechanical milling particles with pure titanium, aluminum 






























































































Fig. 7-12 SEM micrographs and EDX maps at the longitudinal section of the specimen treated by 












Fig. 7-13 XRD pattern obtained from the specimen treated by AIH-FPP using the Ti/Al/Ni 




















































































































Fig. 7-14 Surface temperatures of the specimens during AIH-FPP treatment using the Ti/Al and 



























































Fig. 7-15 Cross-sectional distributions of Vickers hardness for the specimen untreated and treated by 
AIH-FPP using the Ti/Al/Ni mechanical milling particle. 
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Fig. 7-16 Elemental concentration for the AIH-FPP treated specimen determined by EDX as a 
function of distance from the substrate surface. 
  

































































Fig. 7-17 Wear losses of the specimens during reciprocating ball-on-disk wear tests (mean ± max. 



































Fig. 7-18 SEM micrographs of the wear tracks formed on the untreated and AIH-FPP treated 
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Fig. 7-19 Mass gains of the surfaces of the specimens during high-temperature oxidation tests 
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Fig. 7-21 SEM micrograph and EDX maps at the cross-section of a specimen after a high-









(a) SEM micrograph (b) Ti mapping 
(c) Al mapping (d) O mapping 
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   噴射される窒素ガスの冷却効果により，被処理面の近傍には温度勾配が生じる．すな
わち，被処理材内部の温度は，処理温度として設定した値よりも高くなる． 
 （b）高周波電流による電気的影響 
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